



The Influence of Dual-Recycling on Parametric
Instabilities at Advanced LIGO
Green, Anna; Brown, Daniel; Dovale Alvarez, Miguel; Collins, Chris; Miao, Haixing; Mow-




Other (please specify with Rights Statement)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Green, A, Brown, D, Dovale Alvarez, M, Collins, C, Miao, H, Mow-Lowry, C & Freise, A 2017, 'The Influence of
Dual-Recycling on Parametric Instabilities at Advanced LIGO', Classical and Quantum Gravity, vol. 34, no. 20,
205004. https://doi.org/10.1088/1361-6382/aa8af8
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
This is an author-created, un-copyedited version of an article published in [insert name of journal]. IOP Publishing Ltd is not responsible for
any errors or omissions in this version of the manuscript or any version derived from it. The Version of Record is available online at
10.1088/1361-6382/aa8af8
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
Classical and Quantum Gravity
ACCEPTED MANUSCRIPT
The influence of dual-recycling on parametric instabilities at advanced
LIGO
To cite this article before publication: Anna Catriona Green et al 2017 Class. Quantum Grav. in press https://doi.org/10.1088/1361-6382/aa8af8
Manuscript version: Accepted Manuscript
Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”
This Accepted Manuscript is © 2017 IOP Publishing Ltd.
 
During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.
After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0
Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.
View the article online for updates and enhancements.
This content was downloaded from IP address 147.188.108.81 on 13/09/2017 at 13:51
The Influence of Dual-Recycling on Parametric Instabilities at Advanced LIGO
A. C. Green,1, ∗ D. D. Brown,1 M. Dovale-A´lvarez,1 C. Collins,1 H. Miao,1 C. M. Mow-Lowry,1 and A. Freise1
1University of Birmingham, UK
(Dated: August 30, 2017)
Laser interferometers with high circulating power and suspended optics, such as the LIGO grav-
itational wave detectors, experience an optomechanical coupling effect known as a parametric in-
stability : the runaway excitation of a mechanical resonance in a mirror driven by the optical field.
This can saturate the interferometer sensing and control systems and limit the observation time
of the detector. Current mitigation techniques at the LIGO sites are successfully suppressing all
observed parametric instabilities, and focus on the behaviour of the instabilities in the Fabry-Perot
arm cavities of the interferometer, where the instabilities are first generated. In this paper we model
the full dual-recycled Advanced LIGO design with inherent imperfections. We find that the addition
of the power- and signal-recycling cavities shapes the interferometer response to mechanical modes,
resulting in up to four times as many peaks. Changes to the accumulated phase or Gouy phase in
the signal-recycling cavity have a significant impact on the parametric gain, and therefore which
modes require suppression.
I. PARAMETRIC INSTABILITY IN COMPLEX
INTERFEROMETERS
Prior to the first detection of a gravitational wave sig-
nal in September 2015 [1], the two LIGO detectors went
through the first stage of a major upgrade, which aimed
to boost their sensitivity by a factor of 10 [2]. One major
aspect of this upgrade was a significant increase in optical
power circulating in the arm cavities, which is expected to
reduce shot noise and therefore improve detector sensitiv-
ity. During the first observational run (O1) of Advanced
LIGO, circulating power approaching 100 kW was con-
sistently achieved; the target power is 750 kW resulting
in a design sensitivity of 200 Mpc binary neutron star
range [3].
In this paper we discuss a phenomenon known as para-
metric instabilities [4], a consequence of using high opti-
cal power in the interferometer. Parametric instabilities
result from an interaction between the radiation pressure
of the optical field and the natural vibrational modes
of the mirrors. In the presence of positive optical feed-
back this can couple energy from the field into the mirror
mode, resulting in exponential growth of the mechanical
oscillation.
Parametric instabilities (PIs) have now been observed
in prototype optical cavities [5–7], and at LIGO [8], where
the mechanical modes have been observed to ring up until
the interferometer control systems failed. Current miti-
gation strategies are focused on technologies already built
into the interferometers: using ring heaters to change the
optical gain of problematic higher order optical modes
[9–13], and using electrostatic drivers to actively damp
the mechanical mode that is unstable [14, 15]. So far
these techniques are proving successful; however, as the
circulating power is increased towards the design level
the severity and number of PIs will increase, resulting in
more unstable modes.
∗ agreen@star.sr.bham.ac.uk
Over many years we have developed a detailed simu-
lation model using Finesse [16] to describe behaviours
in the Advanced LIGO detectors [17–19]. In this paper,
we present numerical analyses of PIs in the full design
configuration of Advanced LIGO [20]. This complements
existing extensive analytical and numerical modelling of
PIs [6, 21–25].
First, we present an overview of how Finesse is used
to model PIs throughout this work. In section II we
study the parametric gain of specific mechanical modes
and how this changes when recycling cavities are intro-
duced, including inherent defects such as astigmatism.
Section III then focuses on parameters of the signal-
recycling cavity and consequences for the parametric gain
in a realistic interferometer configuration. We find that
changes to the tuning or accumulated Gouy phase of the
signal-recycling cavity have a significant impact on para-
metric gain, and therefore which modes will require sup-
pression. However whether this has consequences for the
current mitigation scheme is not yet known.
A. Numerically Modelling PIs
Finesse [16] is a fast, frequency-domain interferom-
eter simulation tool. It is particularly suited to mod-
elling parametric instabilities as it easily provides the
required mechanical-to-optical transfer functions in im-
perfect and arbitrary interferometer configurations using
Hermite-Gaussian beams. Previously this has been used
to apply limits to the number and type of higher order
modes used in simulation [26], and investigate the poten-
tial use of higher order Laguerre-Gauss modes to reduce
thermal noise in future gravitational wave detector de-
signs [27]. It is also actively used in LIGO commissioning
and design modelling [19, 28]. Finesse and its Python
wrapper PyKat [29] are open source and freely available
for others to use in future studies.
Parametric instabilities can be considered as a feed-
back system [22] resulting from the linear interaction be-
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